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Abstract
2D-layered tin (II) oxide (SnO) has recently emerged as a promising bipolar channel material
for thin-film transistors and complementary metal-oxide-semiconductor devices. In this work, we
present a first-principles investigation of the mechanical properties of ultrathin SnO, as well as the
electronic implications of tensile strain () under both uniaxial and biaxial conditions. Bulk-to-
monolayer transition is found to significantly lower the Young’s and shear moduli of SnO, highlight-
ing the importance of interlayer Sn-Sn bonds in preserving structural integrity. Unprecedentedly,
few-layer SnO exhibits superplasticity under uniaxial deformation conditions, with a critical strain
to failure of up to 74% in the monolayer. Such superplastic behavior is ascribed to the formation
of a tri-coordinated intermediate (referred to here as h-SnO) beyond  = 14%, which resembles a
partially-recovered orthorhombic phase with relatively large work function and wide indirect band
gap. The broad structural range of tin (II) oxide under strongly anisotropic mechanical loading
suggests intriguing possibilities for realizing novel hybrid nanostructures of SnO through strain
engineering. The findings reported in this study reveal fundamental insights into the mechanical
behavior and strain-driven electronic properties of tin (II) oxide, opening up exciting avenues for
the development of SnO-based nanoelectronic devices with new, non-conventional functionalities.
∗ kzhou@ntu.edu.sg
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I. INTRODUCTION
Of late, two-dimensional (2D) materials have piqued the curiosity of the scientific mind.
From graphene1,2 to transition metal dichalcogenides (TMDs),3 this class of materials has
received much acclaim for its role in next-generation nanoscale devices, with advanced
functional applications in optoelectronics,4 molecular (gas) sensing,5 catalysis6 and energy
storage.7 The physics of 2D materials, usually single- or few-atom thick, are highly non-
trivial due to the significant effects of quantum confinement, enhanced structural bonding
and strong charge coupling, giving rise to remarkable physical and chemical properties in
the ultrathin limit. Many of these 2D candidates have been identified as semiconductors,
with finite band gaps that can be manipulated under suitable structural modifications such
as strain,8 stacking registry,9 defects and functionalization.10
Recently, 2D-layered tin (II) oxide (SnO) has emerged as a promising candidate for
thin-film transistors (TFTs)11–13 and complementary metal-oxide-semiconductor (CMOS)
devices.14,15 SnO is a typical van der Waals layered compound with Sn-O-Sn atomic planes
stacked along the [001] crystal orientation (see Fig. 1(a)). Given its relatively narrow band
gap in bulk (∼0.7 eV), recent progress in isolating ultrathin films of SnO in a bid to open up
the band gap has greatly amplified its technological impact in fields like photocatalysis and
transparent conductivity. Many theoretical works have also contributed towards an atomistic
understanding of SnO, for example in relation to the role of native defects,16 transition metal
doping possibilities17 and its surface adsorption characteristics.18 Furthermore, unlike most
2D chalcogenides which are highly degradable in ambient conditions, metal oxide-based
systems as such are generally regarded to be resistant to oxidation.19,20
High-quality few-layer SnO has been successfully obtained experimentally via conven-
tional thin-film fabrication methods such as atomic layer deposition13 and electron beam
evaporation.21 In a study by Saji et al., the growth of SnO has also been reportedly achieved
with single-layer precision on sapphire and SiO2 substrates using pulsed laser deposition.
22
Tin (II) oxide has been widely explored as a p-type channel layer for high-performance
TFTs, with field effect mobilities of as high as 1.9 cm2V−1s−1.22 Great strides have also
been made to realize ambipolar behaviors in SnO for complementary-like operation,14,15
while complete carrier polarity switching (n-type) has also been demonstrated through dop-
ing with antimony (Sb).23 Previous studies have shown that the electronic band structure
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FIG. 1. (a) Crystal structure of tin (II) oxide (SnO), with the tetragonal unit cell (shaded pink)
indicated in the xy-plane. (b) First Brillouin zone and its corresponding high symmetry paths (red).
Electronic band structures of (c) bulk and (d) monolayer SnO based on PBE+D2 (black-green)
and HSE+D2 (blue) methods.
of metal oxides tend to be sensitive to mechanical strain.24–27 In practical nanoscale devices,
common sources of strain include lattice mismatch at contact interfaces and the integration
with flexible pre-strained substrates as part of strain engineering applications. However, in
the case of atomically thin SnO, the effects of strain on its structure and (opto)electronic
properties are yet to be fully understood despite being an inevitable issue of real concern.
In this work, the mechanical properties of ultrathin SnO, as well as the electronic impli-
cations of tensile strain under both uniaxial and biaxial conditions, are investigated from
first-principles calculations. Insights into the underlying deformation process, especially
when equilibrium lattice symmetry is no longer preserved, can prove useful for achieving
new, non-conventional functionalities of tin (II) oxide. Additionally, the influence of strain
on its work function and band alignment is explored, offering fresh ground for facilitating
efficient charge transport across SnO-based heterojunctions and interfaces with metals.
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II. COMPUTATIONAL METHOD
Spin-polarized first-principles calculations are performed within the framework of den-
sity functional theory (DFT)28,29 using the Vienna ab initio simulation package (VASP).30
The Perdew-Burke-Ernzerhof (PBE)31 and hybrid Heyd-Scuseria-Ernzerhof (HSE06)32,33
exchange-correlation functionals are adopted in this work, along with the DFT-D2 method of
Grimme34 to account for the van der Waals forces in layered tin (II) oxide. A kinetic energy
cutoff of 500 eV is selected for the plane wave basis set. Bulk and few-layer structures are
respectively sampled with 10 × 10 × 8 and 10 × 10 × 1 k -point grids in the Brillouin zone
using the Monkhorst-Pack method. The energy convergence criteria for electronic iterations
is set at 10-6 eV and all structures are relaxed until the maximum force per atom is smaller
than 0.01 eV/A˚.
To model 2D systems, periodic boundary conditions are applied in both in-plane (x and
y) directions, whereas free boundary conditions are enforced in the normal (z ) direction by
introducing a vacuum layer of ∼20 A˚ to eliminate spurious interactions between neighboring
slabs. By convention, strained conditions are prescribed according to the relation a1 =
a0(1+), where a0 and a1 are the lattice constants in equilibrium and at a strain level of ,
respectively. In the case of applying uniaxial strain, the lattice constant in the transverse
in-plane direction is fully relaxed to minimize the forces acting in this direction.
III. RESULTS AND DISCUSSION
A. Characterization of SnO in the elastic regime
Tin (II) oxide adopts a tetragonal (litharge-type) crystal structure with space group
P4/nmm (no. 129) in the bulk state, as shown in Fig. 1(a). We report optimized lattice
constants a = b = 3.85 A˚ and c = 4.87 A˚ based on the PBE functional in conjunction with
the DFT-D2 method (i.e. PBE+D2), which are in excellent agreement with experimental
values (a = b = 3.80 A˚, c = 4.84 A˚).35,36 Its internal stacking registry comprises of Sn-O-Sn
monolayers in direct vertical alignment with one another along the [001] direction (interlayer
separation d = 2.52 A˚). Within each layer, the Sn-O bond length r is found to be 2.25 A˚,
while the core-to-core thickness t is 2.34 A˚. The planar structure of SnO is noted to be
insensitive to the number of layers; on thinning down into its monolayer, a = b = 3.83 A˚,
4
TABLE I. The relaxed geometric parameters and elastic constants of bulk and monolayer tin (II)
oxide (SnO), as calculated in this work.
System Geometric parameters
Elastic constants
In-plane (xy) Normal (z )
Bulk a = b = 3.85 A˚ c = 4.87 A˚ Ex = 51 GPa Ey = 51 GPa Ez = 51 GPa
SnO t = 2.34 A˚ d = 2.52 A˚ Gxy = 87 GPa Gxz = 45 GPa Gyz = 45 GPa
r = 2.25 A˚ νxy = 0.72 νyx = 0.72 νzx = 0.13 νzy = 0.13
νxz = 0.13 νyz = 0.13
Monolayer a = b = 3.83 A˚ Ex = 33 GPa Ey = 33 GPa
SnO t = 2.39 A˚ Gxy = 79 GPa
r = 2.26 A˚ νxy = 0.81 νyx = 0.81
νxz = 0.10 νyz = 0.10
r = 2.26 A˚ and t = 2.39 A˚. A summary of the geometric parameters for both bulk and
monolayer SnO, as calculated in this work, is given in Table I.
Next, we evaluate the effect of quantum size on the electronic band structure of SnO.
Figure 1(b) shows the first Brillouin zone corresponding to the tetragonal unit cell, along
with paths (red) connecting the internal points of high symmetry. Benchmark calculations
for the bulk system are presented in Fig. 1(c) to assess the use of PBE+D2 (black-green) and
HSE+D2 methods (blue). The PBE+D2 approach gives reasonably good predictions of the
band dispersion and indirect nature of the band gap (∼0.08 eV) in bulk SnO. However, since
the PBE functional lacks a complete description for the self-interaction of electrons, hybrid
functional methods are usually necessary for reproducing band gaps that are quantitatively
consistent with experimental results. Refined calculations along M-Γ with the HSE+D2
approach verify the indirect band gap in bulk SnO to be 0.45 eV, which occurs between
the valence band maximum (VBM) at the Γ point and conduction band minimum (CBM)
at the M point. Furthermore, the optical (direct) band gap is estimated to be around 2.74
eV (2.64 eV) at the Γ (M) point, enabling SnO to exhibit high transparency (>80%) in
the visible range.37 Our findings here agree well with experimental works on SnO that have
quoted the indirect and direct band gaps as ∼0.7 eV11 and in the range of 2.5 - 3.3 eV,11,37,38
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respectively. We also see considerable band dispersion at the top-most valence band along
Γ-Z (PBE+D2 result), an artefact of the presence of strong interlayer lone-pair (Sn-5s)
interactions.39 The relatively large curvature of the VBM along Z, as compared to along X
and M, suggests anisotropic p-type conduction in bulk SnO with higher hole mobility in
the interlayer rather than intralayer region. In the monolayer, the indirect band gap widens
significantly to 3.93 eV with both the VBM and CBM located at distinct points along Γ-M,
as shown in Fig. 1(d).
Under small deformations, for which Hooke’s Law is valid, the mechanical properties of
tin (II) oxide can be characterized based on its elastic constants. The deformation response
 of a given material subject to a state of stress σ is described by the generalized stress-
strain relation  = Sσ (or equivalently σ = C, where C = S−1). Here, S and C denote
the compliance and stiffness matrices, respectively. They contain the material-dependent
elastic constants, namely the Young’s modulus E, Poisson’s ratio ν and shear modulus G.
Details on our formulation for material characterization in the elastic regime are provided
in Section I of the Supplemental Material (SM).40 Note that for 2D systems, plane stress
conditions (σz = τyz = τxz = 0) are imposed due to free relaxation of the surface in the
normal (z ) direction. The stiffness matrices of bulk (CBulk) and monolayer (CML) SnO are
presented in Eqs. (1) and (2), while their corresponding elastic constants are listed in Table
I.
CBulk =

118.99 89.24 27.10 0 0 0
118.99 27.10 0 0 0
58.05 0 0 0
44.96 0 0
Sym. 44.96 0
87.20

(1)
CML =

94.31 75.93 0
94.30 0
Sym. 78.66
 (2)
Clearly, we see that SnO behaves as a transversely isotropic material in the surface (xy)
plane regardless of thickness. The bulk modulus K under hydrostatic pressure is computed
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as 49 GPa, while the in-plane linear stiffness (Bx = By = 343 GPa) is found to be nearly
five times higher than that along the normal direction (B z = 69 GPa). These results are
consistent with data obtained from prior experimental characterization of SnO by X-ray
diffraction (K = 35 - 53 GPa).36,41,42 Interestingly, the transition from bulk to monolayer
does not improve the in-plane mechanical properties of SnO as one would typically expect
of 2D materials in the absence of interlayer slippage effects.43 The smaller Young’s and
shear moduli of the monolayer (see Table I) instead indicates a depreciation in its intrinsic
resistance against elastic deformation, thereby highlighting the importance of interlayer Sn-
Sn bonds in preserving the structural integrity of SnO. Akin to phosphorene (E = 44 - 166
GPa)44 and antimonene (E = 104 GPa),8 ultrathin SnO exhibits a Young’s modulus that is
relatively low as compared to graphene (E = 1 TPa)45 and MoS2 (E = 0.33 TPa).
46 Such low
elastic rigidity may endow SnO thin films with high flexibility and wide compatibility across
various substrates, opening up promising applications in practical strain-based electronics
and nanoscale devices.
B. Ideal tensile deformation and superplasticity in monolayer SnO
As the cornerstone of modern engineering at the nanoscale, the deliberate application
of strain provides a useful means for achieving desired optical and electronic properties
in low-dimensional materials. In this section, the effects of (i) biaxial (x = y), and (ii)
uniaxial (x) tensile strain on the structural deformation of monolayer SnO is examined.
Note that due to the tetragonal symmetry of the lattice, the deformation response under
uniaxial strain y is identical to that of x such that a complementary understanding can be
intuitively drawn from (ii). The case of uniaxial strain presents a particularly interesting
situation whereby the crystal structure of SnO transits into a lower-symmetry orthorhombic
phase. It has previously been established that the orthorhombic form of SnO (also known as
γ-SnO) can remain stable in its bulk state under high-pressure compression.41,47 However,
its stability under tension, especially in the 2D limit (i.e. monolayer), continues to pose an
open question of interest.
The evolution of strain energy per formula unit (f.u.) for monolayer SnO subject to
uniaxial strain is shown in Fig. 2(a). We find that the interatomic bonding configuration
within the lattice is well-preserved in the low-strain regime of up to * = 14%. However,
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FIG. 2. (a) The evolution of strain energy per formula unit (f.u.) for monolayer SnO subject to
uniaxial strain. Solid and dotted lines (blue) correspond to the cases with and without full internal
structural optimization respectively, while snapshots of the lattice at x = 24% are given in the
inset. (b) The stress-strain relationship, and (c) transverse relaxation response of monolayer SnO
under applied biaxial and uniaxial strain conditions. The transition from low to high strain regimes
in the uniaxial mode is denoted by dotted lines at * = 14%.
with increasing tension, Sn-O bonds oriented along the direction of strain start to weaken,
leading to significant internal restructuring while minimizing the strain energy. As a result,
a new honeycomb-like lattice (referred to here as h-SnO) with low bond density begins to
take shape at higher levels of strain beyond 14%. In this structure, each Sn atom is no longer
bonded to four, but to three adjacent O atoms, and vice versa (see inset of Fig. 2(a) for the
case of x = 24%). This configuration has its origin as a lesser-known polymorphic form of
SnO, with equilibrium lattice constants a = 5.01 A˚ and b = 3.36 A˚, as reported in a recent
computational study by Guo et al.20 The energetic benefit, given by the difference between
the hypothetical case without internal restructuring (dotted line) and the fully optimized
structure (solid line), increases to around 0.1 eV per f.u. at x = 24%. For the h-SnO phase,
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FIG. 3. (a) Representative orthorhombic structure of monolayer SnO under uniaxial tension along
the x -axis (blue arrows). The variation in (b) bond lengths, and (c) bond angles during defor-
mation under applied uniaxial strain conditions. The grey-shaded region represents the formation
window (14%-24%) of h-SnO. Dash-dotted lines indicate the associated deformation response of
the monolayer for the case of biaxial strain, where ra = r z and ϕ1 = ϕ2.
armchair and zigzag bonding patterns may also be accordingly identified along the direction
of applied strain (x ) and along the transverse in-plane direction (y), respectively.
The theoretical stress-strain relationship and transverse relaxation response of monolayer
SnO under both biaxial and uniaxial strain conditions are presented in Fig. 2(b)-(c). The
tensile stress σ is determined from the derivative of strain energy E s with respect to strain
according to Eq. (3), where V is the instantaneous volume of the system at a given strain
level of .
σ() =
1
V()
(
∂Es
∂
)
(3)
We report critical failure strain (stress) values of 22.5% (∼11.6 GPa) and 74% (∼6.2 GPa)
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for the biaxial and uniaxial deformation mode, respectively. Most notably, we find that the
critical strain for the uniaxial case is more than three times than that for the biaxial case.
Such superplasticity under uniaxial conditions is unprecedented and may be ascribed to the
formation (and subsequently, failure) of the tri-coordinated h-SnO intermediate which we
have disclosed earlier. Our results are supported by a similar set of calculations for the case
of the bilayer (see Fig. S1 in the SM),40 where we note lower critical strain values (12.5% and
68% for the biaxial and uniaxial deformation mode, respectively) owing to structural instabil-
ities arising from interlayer interactions. Nevertheless, it remains likely that the superplastic
behaviour of SnO may be sustained well beyond the monolayer, with strong practical impli-
cations on the mechanical properties and performance of ultrathin SnO films in application.
Here, it must be pointed out that, in the scope of the present study, the superplastic potential
of SnO is interpreted simply in terms of its deformation behaviour as a pristine monocrystal,
and does not account for other, possibly more dominant, processes known to occur in real
polycrystalline samples. Mechanisms responsible for enhanced plasticity in both 3D48–51 and
2D52–54 materials are generally understood to be thermally-activated and may include one
or more of the following: grain boundary sliding, grain reorientation, dislocation-related ac-
tivity, diffusional flow and dynamic recrystallization. Further experimental and theoretical
investigation is therefore required to evaluate the role of such mechanisms in atomically thin
tin (II) oxide, especially in light of its intrinsic capacity to accommodate encouragingly high
uniaxial strains through a tetragonal-to-orthorhombic phase transformation.
For both biaxial and uniaxial cases, applied tensile strain leads to a corresponding con-
traction of the lattice in the transverse direction(s), in line with earlier findings on the
positive Poisson’s ratios of monolayer SnO (see Table I). Under low-to-moderate uniaxial
strain, contraction along the transverse in-plane direction tends to dominate the relaxation
response. However, this trend gradually diminishes with the onset of the h-SnO phase
beyond * = 14%, for which relaxation occurs more freely in the normal direction.
To gain further insight into the structural transformation and superplasticity of mono-
layer SnO under uniaxial strain, we investigate the evolution of its orthorhombic lattice
during deformation, as defined by the geometric parameters in Fig. 3(a). The variation in
Sn-O bond lengths in the armchair (r a) and zigzag (r z) direction is given in Fig. 3(b), while
changes in the dihedral (α1, α2, β) and bond-to-normal angles (ϕ1, ϕ2) are plotted in Fig.
3(c). Note that for the more straightforward case of biaxial strain (see dash-dotted lines),
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the tetragonal symmetry of the lattice is preserved such that r a = r z and ϕ1 = ϕ2 through-
out the deformation process. Conversely, under uniaxial conditions, structural changes are
strongly mediated by relaxation effects in the transverse in-plane and normal directions. The
formation of h-SnO is shown to take place over a broad window (14% - 24%), as evidenced
by characteristic trend reversals in r a, ϕ1 and ϕ2, which indicate the partial recovery of
Sn-O bonds along the direction of applied strain. Apart from its contribution towards su-
perplasticity, mechanically excited h-SnO with optimal bond strength may even be obtained
at ∼24%, opening up intriguing possibilities for designing novel SnO-based nanostructures
through strain engineering. In this regard, suitable means for promoting the stability of
h-SnO may be necessary, for example, through the careful selection of substrate/contact
materials, surface functionalization and/or environment control.
C. Strain effect on the electronic properties of bilayer SnO
Bilayer SnO can be regarded as an ideal prototypical model of tin (II) oxide as it provides
a fair representation of interlayer interactions within the system (dbilayer ≈ dbulk = 2.52 A˚).
In this section, the influence of strain on the work function and electronic band structure
of ultrathin SnO films is examined by considering its effect in the bilayer. We rely on
the PBE+D2 method for sampling the entire strain range of interest, while the use of the
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more computationally demanding HSE+D2 method is restricted to selected cases for the
purposes of validation. Our results indicate that the PBE+D2 approach systematically
underestimates the work function and band gap of bilayer SnO, with errors of around 0.45
eV and 0.63 eV, respectively.
The work function W is a measure of the minimum energy required to release an electron
from a solid to a point in vacuum immediately outside its surface. From the planar-averaged
potential plot in Fig. 4(a), the equilibrium work function W 0 of bilayer SnO is determined to
be 4.66 eV. As shown in Fig. 4(b) (with PBE+D2), for both biaxial and uniaxial deformation
modes, the work function generally increases with strain as it approaches their respective
regions of critical failure. Refinement with the HSE+D2 method (see Fig. S2(a) in the SM)40
reveals that W may even exceed 5 eV at high strain levels. Particularly, under uniaxial
conditions of below 32%, we find that its sensitivity to strain is more pronounced than that
under relatively higher strain. This phenomenon may even be manifested experimentally
in ultrathin SnO films, especially during highly anisotropic mechanical loading, and may
be linked to the transition from elastic to plastic deformation of the h-SnO intermediate as
structural instabilities start to set in.
As shown in Fig. 5(a), the indirect band gap in bilayer SnO is 1.59 eV, with the VBM
12
and CBM located at a point along Γ-S and at the S point, respectively. Note that the S
point in reciprocal space is analogous to the M point for the case of equilibrium and biaxial
strain conditions wherein tetragonal symmetry is preserved. Changes in the band structure
under strain are the result of competition between near-band-edge states A0 and A1/1′ on
the valence band, and B0 and B1 on the conduction band. The evolution across several
indirect band gap types are shown to occur depending on the mode and magnitude of tensile
deformation (see Fig. 5(b) (with PBE+D2)). Our results are supplemented by calculations
with the HSE+D2 method, as shown in Fig. S2(b) in the SM.40 Applied uniaxial strain along
x results in an A1-B0 band gap, while that along y gives rise to an A1′-B0 band gap, where A1
and A1′ are located at points along Y-Γ and X-Γ, respectively. For both biaxial and uniaxial
deformation modes, the position of the CBM switches from S to Γ at very high strains
prior to full structural failure. As in the case of the work function, the band gap is also an
increasing function of strain within the typical operating range (below the regime of critical
failure). The h-SnO intermediate, which we report under uniaxial conditions, presents itself
as a wide band gap material with high work function, and may bring about interesting
opportunities in strain engineering applications. Evidently, manipulating the band gap and
work function through strain can allow for greater control of the band alignment and quality
of electronic contact at interfaces with ultrathin SnO.
IV. CONCLUSION
In this work, via first-principles calculations, we have investigated the effects of tensile
strain on the mechanical deformation and electronic properties of ultrathin SnO films. Our
results indicate that bulk-to-monolayer transition significantly lowers the Young’s and shear
moduli of SnO, highlighting the importance of interlayer Sn-Sn bonds in preserving struc-
tural integrity. As demonstrated through the case of uniaxial strain, highly anisotropic
conditions tend to promote superplasticity, with a critical strain to failure of up to 74% in
the monolayer. Such superplastic behavior is ascribed to the formation of a tri-coordinated
intermediate h-SnO beyond  = 14%, which resembles a partially-recovered orthorhombic
phase with relatively large work function and wide indirect band gap. To that end, pro-
moting the stability of h-SnO, for example via the selection of suitable substrate materials,
surface functionalization and/or environment conditions, may be a necessary and worth-
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while direction for future studies. The nature of the indirect band gap of SnO may also
be selectively modulated according to the mode and magnitude of tensile deformation as a
result of competition between several near-band-edge VBM and CBM states.
The findings reported here provide fundamental insights into the underlying physical
mechanism during the deformation process, and strain-driven electronic properties of tin
(II) oxide, opening up exciting avenues for the development of SnO-based nanoelectronic
devices with new, non-conventional functionalities. This study serves to supplement avail-
able literature on atomically thin SnO, while providing a theoretical basis of support for
further experimental endeavours which seek to explore SnO as a novel semiconductor mate-
rial for high-performance TFTs and CMOS devices.
ACKNOWLEDGMENTS
This research article was supported by the Economic Development Board, Singapore
and Infineon Technologies Asia Pacific Pte. Ltd. through the Industrial Postgraduate Pro-
gramme with Nanyang Technological University, Singapore, and the Ministry of Education,
Singapore (Academic Research Fund TIER 1-RG174/15). The computational work for this
article was partially performed on resources of the National Supercomputing Centre, Singa-
pore (https://www.nscc.sg).
1 K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V. Dubonos, I. V. Grig-
orieva, and A. A. Firsov, Science 306, 666 (2004).
2 Y. Zhang, Y.-W. Tan, H. L. Stormer, and P. Kim, Nature 438, 201 (2005).
3 D. C¸akır, F. M. Peeters, and C. Sevik, Appl. Phys. Lett. 104, 203110 (2014).
4 K. F. Mak and J. Shan, Nat. Photonics 10, 216 (2016).
5 V. Nagarajan and R. Chandiramouli, J. Mol. Graph. Model. 88, 32 (2019).
6 D. Deng, K. Novoselov, Q. Fu, N. Zheng, Z. Tian, and X. Bao, Nat. Nanotechnol. 11, 218
(2016).
7 B. Anasori, M. R. Lukatskaya, and Y. Gogotsi, Nat. Rev. Mater. 2, 16098 (2017).
8 D. R. Kripalani, A. A. Kistanov, Y. Cai, M. Xue, and K. Zhou, Phys. Rev. B 98, 085410
14
(2018).
9 J. Dai and X. C. Zeng, J. Phys. Chem. Lett. 5, 1289 (2014).
10 J. Su, L. Feng, Y. Zhang, and Z. Liu, Appl. Phys. Lett. 110, 161604 (2017).
11 Y. Ogo, H. Hiramatsu, K. Nomura, H. Yanagi, T. Kamiya, M. Hirano, and H. Hosono, Appl.
Phys. Lett. 93, 032113 (2008).
12 J. A. Caraveo-Frescas, P. K. Nayak, H. A. Al-Jawhari, D. B. Granato, U. Schwingenschlo¨gl,
and H. N. Alshareef, ACS Nano 7, 5160 (2013).
13 S. H. Kim, I.-H. Baek, D. H. Kim, J. J. Pyeon, T.-M. Chung, S.-H. Baek, J.-S. Kim, J. H. Han,
and S. K. Kim, J. Mater. Chem. C 5, 3139 (2017).
14 K. Nomura, T. Kamiya, and H. Hosono, Adv. Mater. 23, 3431 (2011).
15 L. Yan Liang, H. Tao Cao, X. Bo Chen, Z. Min Liu, F. Zhuge, H. Luo, J. Li, Y. Cheng Lu, and
W. Lu, Appl. Phys. Lett. 100, 263502 (2012).
16 A. Togo, F. Oba, I. Tanaka, and K. Tatsumi, Phys. Rev. B 74, 195128 (2006).
17 Y. R. Wang, S. Li, and J. B. Yi, J. Phys. Chem. C 122, 4651 (2018).
18 J. Tao and L. Guan, Sci. Rep. 7, 44568 (2017).
19 A. K. Geim and I. V. Grigorieva, Nature 499, 419 (2013).
20 Y. Guo, L. Ma, K. Mao, M. Ju, Y. Bai, J. Zhao, and X. C. Zeng, Nanoscale Horiz. 4, 592
(2019).
21 Y. Pei, W. Liu, J. Shi, Z. Chen, and G. Wang, J. Electron. Mater. 45, 5967 (2016).
22 K. J. Saji, K. Tian, M. Snure, and A. Tiwari, Adv. Electron. Mater. 2, 1500453 (2016).
23 H. Hosono, Y. Ogo, H. Yanagi, and T. Kamiya, Electrochem. Solid-State Lett. 14, H13 (2011).
24 L. Thulin and J. Guerra, Phys. Rev. B 77, 195112 (2008).
25 A. Janotti, D. Steiauf, and C. G. Van de Walle, Phys. Rev. B 84, 201304 (2011).
26 F. Wang, I. Grinberg, and A. M. Rappe, Appl. Phys. Lett. 104, 152903 (2014).
27 W. Zhou, Y. Liu, Y. Yang, and P. Wu, J. Phys. Chem. C 118, 6448 (2014).
28 W. Kohn and L. J. Sham, Phys. Rev. 140, A1133 (1965).
29 D. Sholl and J. A. Steckel, Density Functional Theory: A Practical Introduction (John Wiley
& Sons, 2011).
30 G. Kresse and J. Furthmu¨ller, Phys. Rev. B 54, 11169 (1996).
31 J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77, 3865 (1996).
32 J. Heyd, G. E. Scuseria, and M. Ernzerhof, J. Chem. Phys. 118, 8207 (2003).
15
33 J. Heyd, G. E. Scuseria, and M. Ernzerhof, J. Chem. Phys. 124, 219906 (2006).
34 S. Grimme, J. Comput. Chem. 27, 1787 (2006).
35 J. Pannetier and G. Denes, Acta Cryst. B 36, 2763 (1980).
36 H. Giefers, F. Porsch, and G. Wortmann, Physica B 373, 76 (2006).
37 R. Sivaramasubramaniam, M. R. Muhamad, and S. Radhakrishna, phys. stat. sol. (a) 136, 215
(1993).
38 J. Geurts, S. Rau, W. Richter, and F. J. Schmitte, Thin Solid Films 121, 217 (1984).
39 W. Zhou and N. Umezawa, Phys. Chem. Chem. Phys. 17, 17816 (2015).
40 See Supplemental Material for the formulation adopted for material characterization in the
elastic regime (Section I), including all figures accessory to the main article.
41 D. M. Adams, A. G. Christy, J. Haines, and S. M. Clark, Phys. Rev. B 46, 11358 (1992).
42 M. Meyer, G. Onida, M. Palummo, and L. Reining, Phys. Rev. B 64, 045119 (2001).
43 Q. Tu, I. Spanopoulos, P. Yasaei, C. C. Stoumpos, M. G. Kanatzidis, G. S. Shekhawat, and
V. P. Dravid, ACS Nano 12, 10347 (2018).
44 Q. Wei and X. Peng, Appl. Phys. Lett. 104, 251915 (2014).
45 C. Lee, X. Wei, J. W. Kysar, and J. Hone, Science 321, 385 (2008).
46 A. Castellanos-Gomez, M. Poot, G. A. Steele, H. S. J. van der Zant, N. Agra¨ıt, and G. Rubio-
Bollinger, Adv. Mater. 24, 772 (2012).
47 Y. W. Li, Y. Li, T. Cui, L. J. Zhang, Y. M. Ma, and G. T. Zou, J. Phys. Condens. Matter 19,
425230 (2007).
48 A. Vevec¸ka and T. G. Langdon, Mater. Sci. Eng. A 187, 161 (1994).
49 X. J. Zhu, M. J. Tan, and W. Zhou, Scr. Mater. 52, 651 (2005).
50 R. Panicker, A. H. Chokshi, R. K. Mishra, R. Verma, and P. E. Krajewski, Acta Mater. 57,
3683 (2009).
51 K. Sotoudeh and P. S. Bate, Acta Mater. 58, 1909 (2010).
52 F. Ding, K. Jiao, M. Wu, and B. I. Yakobson, Phys. Rev. Lett. 98, 075503 (2007).
53 O. Cretu, Y.-C. Lin, and K. Suenaga, Nano Lett. 14, 1064 (2014).
54 X. Zou, M. Liu, Z. Shi, and B. I. Yakobson, Nano Lett. 15, 3495 (2015).
16
